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Ranked in the world's top 501, The University of Queensland (UQ) is one of Australia's leading 

research and teaching institutions. UQ strives for excellence through the creation, preservation, 

transfer and application of knowledge. For more than a century, we have educated and worked with 

outstanding people to deliver knowledge leadership for a better world. 

The Sustainable Minerals Institute (SMI) is a world-leading research2 institute committed to developing 

knowledge-based solutions to the sustainability challenges of the global resource industry, and to 

training the next generation of industry and community leaders.  

 

The Institute is transdisciplinary, and our work is independent, impartial and rigorous. Our research 

integrates the expertise of production, environmental and social science specialists to deliver 

responsible resource development. 

Demand for minerals and the secure supply of resources worldwide is increasing. At SMI we are 
training the people and developing transformative approaches and technologies to ensure 

sustainability for the future. 

SMI is made up of six research centres and a Centre of Excellence based in Chile. We have a strong 

track record across all areas of mining - in exploration, mining, mineral processing, workplace health 

and safety, mine rehabilitation, water and energy, social responsibility, and resource governance. 

Our core business is deeply rooted in the minerals industry and our researchers have experience 
working across the sector to support industry, governments, communities and civil society through 
analysis and thought leadership. 

We offer future focused professional development and customise courses to suit industry trends or 
company needs. We supervise Higher Degree by Research students and are proud that many of our 
alumni are now in influential roles in resource companies, non-government and government 
organisations around the world. 

The project management methodology to be used for this research project is SMI’s Project 

Management Framework. This is a lifecycle based approach which provides internal controls to ensure 

that deliverables are delivered to time, cost and quality specifications. Delivery is managed in 

accordance to agreed milestones, risks are managed and issues resolved promptly, status is reported 

internally as well as to the funding sponsor regularly. SMI prides itself on not just delivering technically 

excellent products that meet your specification, but also delivering this in line with international best 

practice project management, based on the Project Management Body of Knowledge.  

 

W.H.Bryan Mining & Geology Research Centre  

The W.H.Bryan Mining & Geology Research Centre has a reputation for practical innovation and 

leadership in geology applied to the entire mining value chain. With a diverse range of geoscientific 

and related expertise, the Centre is focused on delivering industrial research solutions for active and 

future mines. It does this by developing new and improved methods for mineral discovery, total deposit 

knowledge and predictive understanding of ore bodies. 

  

 

1 QS World University Rankings and the Performance Ranking of Scientific Papers for World Universities 

(2019) 

2 The University of Queensland is ranked third in the world for mining and mineral engineering, 2018 Shanghai 
Rankings by subject 
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Executive Summary 

The mine waste features at 9 sites in Queensland (Lady Annie, Capricorn Copper, Century, Osborne, 

Selwyn, Baal Gammon, Wolfram Camp, Mt Oxide, Pindora) have been sampled for new economy 

mineral exploration funded by the Geological Survey of Queensland (GSQ). At the Selwyn operations 

mineralogical and mineral chemistry investigations performed in this study on tailings samples 

(n=20)from the Eastern TSF which contains 8.1 Mt of tailings. The target new economy metal is Co 

(which has been previously investigated by Groundwork Plus, 2018) and is used in rechargeable 

batteries, electroplating and various metal alloys, with a current value of >US $ 28,250/t (LME, 2020). 

In the TSF’s the following average values were measured by assay (with average values measured 

by LA-ICPMS in pyrite given in brackets):  

• ETSF (n = 20):  234 ppm Co, 2,066 ppm Cu, 0.38 ppm Au (3,808 ppm Co in pyrite) 

The tailings mineralogy is dominated by plagioclase, actinolite and amorphous phases. .  In the 

sampled tailings, Co is dominantly in pyrite which ranges between 1-4 wt. %. Pyrite is fine grained 

(average p80 < 50 µm) in the tailings, thus, any metallurgical retreatment program should be tailored 

to deal with fine, partially weathered particles. Where pyrite was locked, it is associated with an 

agglomerate cement/amorphous phase, suggesting that the surface may be weathered. Potential Co 

recovery methods could include flotation (to concentrate sulphides) followed by bioleaching, given the 

refractory nature of Co, or other new technologies, including thermal decomposition methods. These 

options will target Co, but as Co and Au do not correlate strongly, separate metallurgical steps may 

be required to improve Au recovery (e.g., gravity recovery).  

 

Mineral chemistry investigations (e.g., LA-ICP-MS mapping) which focus on improving the 

understanding of the spatial distribution of target elements are recommended to further understand 

the deportment of Co and Au in pyrite. Other mine waste features at sites on the Chinova lease (e.g., 

Mt. Elliot slag pile, waste heaps and mullock dumps associated with Mt. Cobalt) could also be targeted 

for an evaluation of their secondary prospectivity.  
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1. Introduction 

1.1 Project background 

Australia is well endowed in base and precious metals, but to date critical metals (e.g., Co, In, W, Ga, 

Ge) have not been the focus of the Australian mining industry, and are instead by-products of mining 

for other commodities (i.e., Cu, Pb, Zn). The 2019 Critical Metal Strategy commissioned by the 

Australian Government identified that out of 30 critical metals, Australia was the top global producer 

for just one, lithium. With increasing global pressure to utilise low-carbon technologies there is greater 

demand for critical metals to support this development with mine waste materials representing a 

potential resource to help supplement the supply of these sought after metals and minimising potential 

environmental impacts they may have on the surrounding environment, such as the release of acid 

and metalliferous drainage (AMD). However, determining their contents and mode of occurrence in 

mine waste is vital in assessing if a potential economic deposit exists and indeed, the most appropriate 

metallurgical processing pathways suited to their extraction. The Queensland State Government 

recognise there is great potential to explore for these critical or ‘new economy’ metals in mine waste 

materials produced by mines across the state and is the focus of this project. This project sits within 

Stream 1 of the GSQ’s NEMI project (https://www.dnrme.qld.gov.au/mining-resources/initiatives/new-

economy-minerals).  

 

1.2 Project aims and objectives 

The project sought to undertake first-pass characterisation assessments examining new economy 

metal (focus on Co, In, Ga, Ge and W) abundances and their modes of occurrence in mine wastes in 

north Queensland as a first step towards identifying appropriate metallurgical processing options. The 

sampled sites are listed in Table 1. This particular report focusses on waste at the Osborne mine.  

Table 1. Sampled sites targeted in this project. 

Report  
no. 

Site Owner/Operator Waste type(s) Target 
element 

Samples 

1 Capricorn 
Copper 

Capricorn 
Copper  
Pty Ltd 

• Tailings in ‘new’  
TSF  

• Northern waste 
rock dump  

Co n=79 in ‘New TSF’  
n=20 in waste rock dump   

2 Lady Annie Austral 
Resources  
Pty Ltd 

• Heap leach 
materials   

• Waste rock  

Co n=50 in heap leach 
n=25 in waste rock 

3 Mt Oxide DNRME • Waste rock  Co n=40 in waste rock 

4 Pindora DNRME • Heap leach 
materials  

• Waste rock  

Co n=17 in heap leach 
 n=8 in waste rock 

5 Baal 
Gammon 

DNRME • Waste rock  In n=42 in waste rock 
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6 Wolfram 
Camp 

DNRME • Tailings 

• Waste rock 

• Low grade  
stock pile  

W n=27 low grade ore 
n=5 tailings  

(supplemented by Edraki 2019 study) 

7 Century New Century 
Resources 

• Tailings (in 
deposit) 

• New tailings 
being disposed 
of in-pit  

Ga, Ge n=99 in ore tailings  
(analyse existing samples) 

n=9 in concentrate 
n=10 in new tailings 

8 Osborne Chinova • Tailings (TSF 1 
and 2) 

Co n=41 in tailings  
(pyrite/magnetite chemistry study) 

9 Selwyn Chinova • Eastern 
Tailings 

Co n=20 in tailings  
(pyrite/magnetite chemistry study) 

To meet the objectives of the project several activities are being undertaken including: 

1. Compilation of the relevant available information from public and confidential sources 

2. Targeted sampling of up to 10 sites (40-80 samples per site) 

3. Multi-element geochemistry (4-acid digestion ICP-MS, lithium borate fusion ICP-MS / AES 

on all samples) 

4. Targeted mineralogical and geochemical characterisation of selected representative 

samples, to determine dominant modes of occurrence of relevant critical metals 

A general timeline for the project is shown in Figure 1, though in the case of Selwyn mine, no fieldwork 

was undertaken, instead samples were recovered from the Chinova sample storage facility under the 

instruction of Damian Jungmann. No chemical assaying was undertaken in this project (data provided 

instead), only mineralogical and insitu mineral chemistry analyses were performed. 

 

 

Figure 1. Flowchart showing the project timeline. 
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2. Deposit geology and mine history 

2.1 Deposit geology 

The Selwyn copper-gold deposit is located 150 km southeast of Mt Isa in North West Queensland in 

the Marimo-Staveley Domain (Figure 2). Mineralisation is genetically classified as an IOCG /skarn. 

Collectively, the Selwyn region includes Merlin Mo-Re, Mount Dore Cu-Au, Mount Elliot, SWAN Cu-

Au and the Starra Line of Cu-Au deposits (Figure 3).    

 
Figure 2. Regional location of Selwyn with respect to the Marimo-Staveley structural domain map 

from the 2010 NWQMEP GIS (in Hinman, 2018). 
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Figure 3. Location map of the Selwyn district mines. 

The NWQ Deposit Atlas (Chapter 4; Hinman, 2018) details the deposit geology with extracts 

and summaries given below in this section. Cu, Au and some Co have been mined intermittently in 

the Selwyn region since the early 1890’s up until 2014 (when the last underground mining was 

undertaken at Starra 276). Figure 4 presents the historic production from the Selwyn region’s mines 

compiled by Chinova (2017). 

 

Figure 4. Historic production, discovery date and mining methods of Cu-Au-Co in the Selwyn 
Region (in Hinman, 2018). 

 

The Selwyn Region deposits lie within the Eastern Fold Belt of the Mount Isa Province on or 

close to the contact of the Marimo-Staveley and Kuridala-Selwyn domains as defined by the 2010 

NWQMEP project (Figure 2). The Eastern Fold Belt successions accumulated between 1790 Ma and 

1610 Ma in two major packages of sedimentary and volcanic rocks traditionally called Cover Sequence 

2 (CS2; 1790-1740 Ma) and Cover Sequence 3 (CS3; 1720-1610 Ma). The earlier CS2 packages 

comprise felsic volcanics and clastics of the Argylla Formation, Boomarra Metamorphics, Bulonga 

Volcanics, Marraba Volcanics, Ballara Quartzite and Mitakoodi Quartzite and are overlain by laterally 

more extensive platformal carbonates of the Corella Formation. These successions are well developed 

and preserved within the Mitakoodi Domain (Figure 2) west of a major structure, the Overhang Fault, 

that is believed to separate them from an allochthonous CS3 block to the east and south (Murphy et 
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al., 2017) that host the Selwyn region deposits as well as the Cannington, Pegmont, Osborne and  

Kulthor deposits.  

The 1752-1740 Ma Double Crossing Metamorphics, higher grade metamorphic equivalents of 

the CS2 Mitakoodi Quartzite and Marraba Volcanics, are in structural juxtaposition with CS3 rocks in 

the Marimo-Staveley Domain and host some of the Selwyn region deposits (Figure 3). The CS2 rocks 

were deformed during the 1740 Ma Wonga Extensional Event (Holcombe et al., 1991) that is best 

known from  a mid-crustal extensional detachment that is exhumed and exposed along the Wonga 

Belt in the Mary Kathleen Domain. These packages are extensively, syn-deformationally intruded by 

1750-1730 Ma Wonga-Burstall aged felsic-mafic intrusives. In the Selwyn region, the Double Crossing 

Metamorphics are deformed during the Wonga event and syn-deformationally intruded by the 1743 

Ma Gin Creek Granite.  

The bulk of Cover Sequence 3 rocks in the Eastern Fold Belt lie to the east and south of the 

Overhang Fault that marks the allothchonous domain boundary between the Marimo-Staveley and 

Kuridala-Selwyn domains. Similar low angle faults mark the boundaries of the Doherty-Fig Tree Gully 

and Soldiers Cap domains in the south and east (Murphy et al., 2017).  

The oldest Eastern Fold Belt CS3 package comprises the variably calcareous, sandstone -

siltstone-dominated and iron formation bearing, ca. 1725-1710 Ma Staveley Formation. No confirmed 

base of Staveley Formation has been identified with the western and southern contacts with Corella 

Formation, Mitakoodi Formation and the Double Crossing Metamorphics currently interpreted to be 

structural and reflecting Isan D1 thin-skinned thrusting from the south to south southeast (O’Dea et 

al., 2006; Murphy et al., 2017).In the Selwyn region, the western-most (and assumed lower-most 

stratigraphically) Staveley Formation is in fault contact with Double Crossing Metamorphics along the 

complex D1 Starra Shear (D2-D3-D4 reactivated) , Further west Staveley Formation is juxtaposed 

across a major D2 Fault with Answer Slate. Towards the top of the Staveley Formation, a relatively 

clean clastic unit, the 1710 Ma Roxmere Quartzite marks a significant basin reactivation and heralds 

the initiation of basin deepening. The Roxmere Quartzite which is relatively thin in the Selwyn region 

(and much thicker to the north in the Marimo Synform region), represents an important regional marker 

of a significant, redox transition from relatively oxidized platformal Staveley Formation carbonates into 

finer grained and carbonaceous sediments of the Kuridala Formation. This stratigraphic redox 

transition (and its associated structural juxtapositionings) is significant in the location of many Selwyn 

region deposits as well as  regional IOCG prospectivity (Murphy et al., 2017).  

The overlying ca. 1710-1680 Ma Kuridala Formation comprises phyllites, phyllitic siltstones, 

carbonaceous metasiltstones, psammo-pelitic schists and metagreywacke deposited as relatively 

fine-grained turbidites. The Starcross and Llewellyn Creek formations are potential time equivalents 

(Murphy et al., 2017). Higher metamorphic grade schistose variants elsewhere in the Eastern Fold 

Belt are garnet, staurolite and andalusite-bearing.  

The Kuridala Formation is overlain by coarser grained turbidites of the New Hope Sandstone 

package that comprise quartzofeldspathic metasandstones, siltstones, mudstones and minor schists. 

The ca. 1680-1665 Ma New Hope Sandstone and its potential time-equivalent further east, the Mount 

Norna Quartzite, reflect a basin (rift) reactivation, coarsening event accompanied by significant mafic 

silling.  

This mafic silling is strongly developed in the Mount Norna Quartzite and overlying Toole Creek 

Volcanics east of the Cloncurry Fault in the Soldiers Cap Domain where the thermal input into a rift-

reactivating basin has been suggested to drive BHT-style Ag-PbZn mineralisation (Hatton and 

Davidson, 2004; Murphy et al., 2017; Hinman, 2018b). The Cannington BHT deposit is thought to be 

hosted in the upper portions of the Mount Norna Quartzite package.  
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The New Hope Sandstone and Mount Norna Quartzite turbidites were succeeded by the fine 

grained ca. 1665-1650 Ma Answer Slate and Toole Creek Volcanics as the basin deepened.These 

units comprising graphitic slates, phyllites, metasiltstones, mica schists, slates, carbonaceous 

mudstones, metabasalts, metadolerites, amphibolites and chert. While the Toole Creek Volcanics and 

Answer Slate are locally in smooth stratigraphic transition with the underlying Mount Norna Quartzite 

and New Hope Sandstone in the Soldiers Cap and Kuridala-Selwyn Domains, the Answer Slate further 

west in the Marimo-Staveley Domain (and in the Selwyn region) is commonly in D1, D2 or D4 fault 

juxtaposition with Staveley Formation, Corella Formation or Mitakoodi Formation (Murphy et al., 2017).  

The package of rocks hosting the Mount Elliott deposit comprise carbonaceous metasiltstones, 

phyllites metabasalts and metadolerites. They have in the past been assigned to the Kuridala 

Formation but recent interpretation (Murphy et al., 2017) has suggested they might be Answer Slate-

Toole Creek Volcanic equivalents structurally juxtaposed with Staveley and Kuridala formations during 

D1.  

Eastern Fold Belt deposition east and south of the Overhang Fault terminated around 1650 Ma. 

Ongoing deposition of carbonates and fine clastics to ca. 1610 Ma is preserved in the structural 

enclave of the Tommy Creek Block which also preserves an episode of felsic magmatism around 

1655-1650 Ma. This Eastern Fold Belt felsic magmatism is regionally expressed as the Ernest Henry 

Diorite, the Tommy Creek Microgranite and potentially the SWAN diorite at Mount Elliott-SWAN. 

Deposition in the overall Mount Isa Province was terminated by the onset of Isan Orogeny 

around 1590Ma. Isan D1 deformation has been interpreted to have been thin-skinned, north to north 

north-west-directed and was followed by D2 east-west shortening and the development initially of large 

scale north-south meridional folds of both stratigraphy and earlier D1 folds and thrusts (eg. folded 

Starra Shear). Subsequently, D2 reverse faulting juxtaposed packages of contrasting ages, 

compositions and metamorphic grades. North-northwest to north-northeast trending D3 folding and 

faulting was locally and heterogenously developed in a significantly thickened crust. Between 1515Ma 

and 1500Ma voluminous Williams-Naraku intrusions into the middle and upper crust was accompanied 

by rotated D4 northwest-southeast shortening. In contrast with D2 and D3 structures, brittle D4 

structures are generally small-scale with relatively small displacements but commonly accompanied 

by significant damage zones. Circulating IOCG fluids focus into D4 brittle fracture and breccia 

networks to form the IOCG Cu-Au-Mo deposits of the Eastern Fold Belt in this latter phase of Isan 

Orogeny (e.g. Murphy et al., 2017; Hinman, 2019). 

 

2.2 Mine history and current operations 

The NWQ Deposit Atlas (Chapter 4; Hinman, 2018) details the mining history and recent operations 

of the key Selwyn district mines with extracts and summaries provided below. 

2.2.1 Mount Elliot-SWAN Cu-Au deposits 

Mount Elliott occurs within the Kuridala Formation (phyllite, schist and black shale) comprising a 

package of intensely skarn-altered (clinopyroxene ±actinolite, magnetite, scapolite and apatite) 

phyllites, schists and metadolerites (Portergeo Database). SWAN is hosted within a breccia that 

emplaced into a package of banded and brecciated calc-silicates and calcareous sediments of the 

Stavely Formation, and a younger unit which has been correlated with the Mount Norna Quartzite 

(Portergeo Database). Pyrite, pyrrhotite, chalcopyrite, bornite and chalcocite are commonly 

associated with mineralisation (Table 4.3 in Hinman, 2018). Historic Mount Elliott and Corbould 

production has come from northwest-trending, moderately to steeply northeast-dipping stopes (450m 

strike, 150m width and depths to 360m below surface; Figure 5). The SWAN resource has a crude 
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70° northward plunge and an overall extent of 1300m strike, 400m width and 1300m depth extent. 

SWAN mineralisation starts just 8 meters below surface.  

Most recently, Chinova have been evaluating the potential for Cu heap leaching at Mount Elliot-

SWAN. In 2014, deposits were sampled and assayed by copper sequential leaching (ALS Global, 

Perth) from which an indicated mineral resource of 174 Mt @ 0.65% Cu and 0.39 g/t Au and an inferred 

mineral resource of 180 Mt @ 0.55% Cu and 0.32 g/t Au was calculated (Chinova Resources, 2017).  

 

Figure 5. A 2012 SWAN block cave mine design with a single extraction level at 800m below 

surface and with access and conveyor declines (AMC Mining Consultants, 2012 in Hinman, 2018).  

2.2.2 Merlin-Mount Dore Cu-Au-Mo-Re deposits 

High grade, surface-enriched copper was mined from Mount Dore in the early 1900s with a reported 

15.74 tonnes of oxide ore mined for a total of 5.81 tonnes of copper (Lazo and Pal, 2009; Beardsmore, 

1992). Some modern drilling was conducted in 1957 with one drill hole intersecting Mount Dore 

mineralisation at depth, returning 8.8m@1.3% Cu at a depth of 49.7m (Lazo and Pal, 2009).  

Exploration by Cyprus and Arminco after 1975 drilled around 30 diamond drillholes and an 

unspecified number of percussion holes into the southern portion of Mount Dore. Beardsmore (1992) 

reported a resource of 40Mt@1.08% Cu, 6.5g/t Ag to 300m (open to depth) from Nisbet’s (1980) report 

on this drilling: Mount Dore.  

Ivanhoe Cloncurry Mines Ltd acquired the Mount Dore leases in late 2003 from the receivers of 

Selwyn Mines Limited. Between 2003 and 2008 Ivanhoe completed 19,273m of drilling and announced 

a copper resource of Mount Dore: 80Mt@0.6% Cu (Lazo and Pal, 2009). In mid-2008, during a reverse 

circulation drilling campaign delineating near surface copper to the north of the known Mount Dore 

mineralisation, strong molybdenite mineralisation was intersected. From mid-2008 to October 2009, 

Ivanhoe drilled a further 24,865 m into the Merlin molybdenite zone.  

In 2010, an Independent Technical Appraisal reported a Merlin JORC resources using a 

0.3%Mo cut-off (SRK, 2010) of Indicated: 5.2Mt@1.0% Mo, 16.0ppmRe, 0.2% Cu, 3.7ppm Ag 

Inferred: 3.5Mt@0.8% Mo, 14.2ppm Re, 0.3%Cu, 4.4ppm Ag.  

During 2010, Ivanhoe completed nominal 50 m infill drilling of Merlin. In 2011 Preliminary 

economic analyses of both the Merlin Mo-Re and Mount Dore oxide Cu projects were completed, and 

in 2012, a Merlin Mining Feasibility Study by Lycopodium Consultants (2012) was finalised. Detailed 
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current measured, indicated and inferred resources for Merlin and Mount Dore are presented in Figure 

4. Total resources quoted by Chinova are Merlin: 6.4Mt@1.5% Mo, 26ppm Re, 0.3% Cu Mount Dore: 

110.8Mt@0.55% Cu, 0.5g/t Au with high grade Mo zones shown in Figure 6 (Chinova Resources, 

2014, 2017).  

 

Figure 6. Merlin long projection showing high grade areas (Chinova Resources, 2014). 

2.2.3 Starra line Au-Cu deposits 

The ‘Selwyn hematites’ were assessed for iron ore potential in 1956 by the BMR and were discovered 

to contain anomalous Cu. Follow up drilling by Enterprise Exploration Pty Ltd encountered sub-

economic copper (gold not anlaysed) in four diamond drill holes in the areas now referred to as Starra 

(previously Selwyn Areas) 244 and 257.  

In the late 1960s, Anaconda Australia Inc. completed extensive mapping and rockchip sampling 

to define a significant gold anomaly including 70m@4g/t Au but did no further work (Kary and Harley, 

1990). In the early 1970s during regional exploration for Pegmont-style Pb-Zn, Newmont Australia Ltd 

Starra Line Au-Cu Deposits carried out further rockchip sampling along the ironstones and drilled 

several holes at Starra 244 with only anomalous gold reported.  

In 1975 Cyprus Minerals carried out regional exploration that lead to a focus on SWAN (adjacent 

to Mount Elliott) and Mount Dore. In 1978, they re-focused on gold exploration along the ‘Selwyn 

hematites’. Further rockchip sampling along the ironstone ridges identified areas of interest at Starra 

244, 251, 257 and 222 (Figure 6). Detailed mapping by John Leishmann from the late 1970s to the 

1990s remain the foundation of geological relationships in the Selwyn region. Between 1978 and the 

commencement of mining in 1988, Cyprus drilled 314 airtrac, 80 reverse circulation, 29 rotary 

percussion and 259 diamond drill holes to define a pre-mining resource: Selwyn Areas: 5.3Mt@5g/t 

Au, 1.98% Cu. 

Mining of high grade Au (and Cu) continued to March 1999 and Sleigh (2002) reported total 

historic production from five Selwyn Deposits (222, 244, 251, 257 and 276) to 2002 as Selwyn Areas: 

6.84Mt@4.6g/t Au, 2.1%Cu. Selwyn Mines Ltd purchased title over the Selwyn (Starra) Line of 

Deposits, Mount Elliott-SWAN and Mount Dore regions in 1999 (Sleigh, 2002). During 2000-2001, 

Selwyn Mines Ltd reviewed the Starra Line resources and highlighted significant lower grade 

resources enclosing the high grade shoots. Low metal prices forced mine closure in 2003 and Ivanhoe 
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Australia Ltd purchased the Mining Leases in late 2003. Ivanhoe Australia subsequently purchased 

Osborne Mines from Barrack Mines Ltd in 2010 and during 2011 and 2012 Ivanhoe located promising 

extensions to Starra 276 and Starra 222 as potential feed for the Osborne mill (Morrison, 2012). Some 

production from Starra 276 and 222 was undertaken during 2013 and 2014 but figures are not 

available. 

The mined Starra deposits occurred as steeply north-plunging orebodies (apart from Starra 276: 

Figure 7) within a 100-500 m wide structure (‘Starra Shear’) which has been traced north-south for 

over 10km. Individual shoots have wedge-shaped geometries in plan view with thicknesses varying 

from 1m to 30m and with strike lengths from 80m to 300m. Starra 222 has been mined to 460 m below 

surface and Starra 276, to around 400m. Detailed descriptions of ore body geometries can be found 

in Kary and Harley (1990).  

 

Figure 7. 2012 Starra Line Long Section with mined resources (red), underground development 

(yellow), probable resources in 2012 (blue) and drilling from Starra222 in the south to Starra 276 in 

the north (in Hinman, 2018). 

 

2.2.4 Mt Cobalt   

The NWQ Deposit Atlas chapter (Chapter 4; Hinman, 2018) for Selwyn does not describe Mt. Cobalt, 

but considering its target was Co, a summary is included here. Mt Cobalt is located 153 km SE of 

Mount Isa and was discovered in 1919. It produced 766 tonnes of Co from 1921-1934 from 

approximately 2000t of ore (Day and Beyer, 1995). The deposit contains sulphides and fracture fillings 

in a sheared contact between a metadolerite sill (footwall) and quartzite to quartz-biotite-muscovite 

schist (hanging wall). There are also disseminated sulphides hosted in the metadolerite/amphibolite 

(Day and Beyer, 1995). Croxford (1974) reports the occurrence of cobaltite and described it as coarse-

grained and set in fractures transecting the host quartz-biotite-muscovite schist. Croxford (1974) 

described the crystals as subhedral to euhedral crystal combinations of cube and pyritohedron up to 

5 mm in size. In polished section the cobaltite is pinkish-white in colour. Electron microprobe results 

(n=5) reported an average concentration of 33 wt. % Co and 44 wt. % As in cobaltite.  

The site is reported inactive, except for mineral fossicking activities (for erythrite specimens) from the 

associated waste dumps, Underground workings are accessible via a shaft.   

2.3 Mine waste features 

Mine waste features remain at several of the deposits and operations discussed. For example, at Mt 

Elliot, a waste rock dump and a slag heap are both present (Figures 8 and 9). The environmental 

characteristics of these waste dumps are not publically available.  Non-ferrous slag (e.g., Cu-ore) is 

typically enriched in olivine minerals (fayalite + tephroite) and pyroxenes (kirschteinite + glaucochroite) 

as reported in Piatek et al. (2014). Slag can also contain variable quantities of sulphides and potentially 

recoverable metals (Parbhakar-Fox et al., 2019). For the Mt. Dore Cu heap leach project, three waste 

rock dumps were proposed. These were the North, South and West, and were all cited as non-acid 

forming (NAF) dumps, though it was reported that 15,375m3 of potentially acid forming (PAF) material 

(> 0.5 %S) would be produced (Environmental Authority, 2016).  A detailed waste characterisation 

study was undertaken by RGS (2013) in which 433 samples from 55 drill holes were studied and they 
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reported that the majority of waste was NAF, with PAF material representing 0.7% or 1.4 Mt of waste 

rock (out of 198 Mt waste rock). RGS (2013) did identify Co as elevated in these materials relative to 

NEPC soil concentrations, and in leachates, Mo and Se were occasionally elevated in comparison to 

guideline values. The secondary prospectivity of these wastes dumps has yet to be investigated. 

 

Figure 8. 2012 Map showing mine waste features at Mt. Elliot. 
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Figure 9. Aerial view looking ENE of historic Mount Elliott mine area with slag dumps (and historic 
smelter just front and right of central slag dump) and more recent decline boxcut accessing Corbould 
ore. Dark area in centre of image is breakthrough from underground Corbould workings. Image from 

Doug Kirwin presentation, 2008. 

 

3. Materials and methods 

3.1 Sample selection 

It was agreed with Damian Jungmann (Exploration Manager, Chinova Osborne) that tailings from the 

Selwyn Eastern Tailings Dam or ETSF (Figure 10) could be studied in this project. These tailings are 

stated by Groundwork Plus (2018) to have originated from the Selwyn mining operations from 1988 to 

2001. Tailings originated from Cu/Au ore sourced from numerous mines in the Selwyn operations, 

hosted in magnetite/hematite bearing ironstone horizons within a banded calc-silicate formation. 

Groundwork Plus (2018) were commissioned to investigate the potential contained resource. In 

their investigations, they used samples drilled in 2010 (by Ivanhoe Australia) and 2017 (Chinova) by 

sonic and air core methods. Drillholes went down to 19-21m depth, and in total 289 samples were 

chemically assayed. In the 2010 program, ICP-41 and AA25 methods were used, but in 2017 ME-

ICP41 and AA25 were used.   
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Figure 10. Image of the Selwyn Eastern Tailings Dam with the location of drill core samples shown 
(green- 2010 drill holes, yellow- 2017 drill holes; Groundwork Plus, 2018). 

Groundwork Plus (2018) reported a preliminary resource estimate of 8.1 Mt @ 0.18% Cu, 0.48 

Au and 114 ppm Co (note, this is not JORC Code (2012) compliant). Groundwork Plus (2018) reported 

that there did not appear to be high grade domains within the tailings for Cu and Au, but two 

populations of Co (high- 160 ppm and low- 25 ppm) were reported. Higher Co grades were reported 

in the upper portions of the tailings in the south (Figure 11), and are more evenly distributed throughout 

the vertical profile in the northern areas. Groundwork Plus (2018) recommend that more holes are 

drilled to better constraint Co tenor if a JORC code compliant resource is required (or a decision 

towards mining is to be made). High grades for Cu were also observed towards the top of the tailings 

(Figure 12), particularly in the east, whilst high grade Au occurred towards the base of the vertical 

profile in the central area (Figure 13).  
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Figure 11. Cobalt grade distribution, Selwyn Eastern Tailings Dam (Groundwork Plus, 2018). 

 

Figure 12. Copper grade distribution, Selwyn Eastern Tailings Dam (Groundwork Plus, 2018). 

 

 

Figure 13. Gold grade distribution, Selwyn Eastern Tailings Dam (Groundwork Plus, 2018). 

This study builds on that conducted by Groundwork Plus (2018) but focuses on the mineralogy 

of the tailings, mineral chemistry of pyrite and magnetite and Co tenor and deportment in both 
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minerals. The chemical assay database was provided by Chinova from which 20 samples were chosen 

with high Co concentrations (Table 2). A sub-set of these samples was selected for bulk mineralogy 

(XRD), automated mineralogy (MLA) and mineral chemistry (LA-ICP-MS) studies.  

Table 2. Samples selected for mineralogical characterisation from the Selwyn Eastern TSF. 

HOLEID FROM TO SAMPLETYPE SAMPLEID Co (ppm) 

ETA0001 5 6 AC CD009006 207 

ETA0007 16 17 AC CD009059 323 

ETA0007 15 16 AC CD009058 259 

ETA0007 14 15 AC CD009057 249 

ETA0007 12 13 AC CD009055 233 

ETA0007 11 12 AC CD009054 226 

ETA0007 13 14 AC CD009056 209 

ETA0010 1 2 AC CD009079 251 

ETA0015 1 2 AC CD009085 298 

ETA0015 3 4 AC CD009087 230 

ETA0017 3 4 AC CD009201 220 

ETA0020 2 3 AC CD009179 262 

ETA0020 1 2 AC CD009178 229 

ETA0020 4 5 AC CD009181 218 

ETA0021 2 3 AC CD009101 227 

ETA0021 7 8 AC CD009106 211 

ETA0022 2 3 AC CD009120 206 

ETA0024 1 2 AC CD009144 243 

ETA0024 3 4 AC CD009146 227 

ETA0024 5 6 AC CD009148 211 

3.2 X-ray diffractometry (XRD) 

The bulk mineralogy of 10 tailings samples were analysed by XRD at the Queensland University of 

Technology (QUT) Central Analytical Research Facility (CARF) laboratories. Sub-samples were 

accurately weighed and specimens prepared for X-ray diffraction analysis by the addition of a 

corundum (Al2O3) internal standard at 20 wt. %. The specimens were micronised in a McCrone mill 

using zirconia beads and ethanol, then dried in an oven overnight at 40°C. The resultant homogenous 

powders were back-pressed into sample holders.  

A small portion of the crushed samples were dispersed in water. After sonication (5 min) and 

settling for 5 min, the fine fraction (nominally < 5 µm in suspension) was transferred via pipette to a 

low background plate and allowed to settle and dry. This preparation is used to concentrate the fine 

(clay dominant) fraction and aids identification of the clays present. This means ratios of the clays and 

other phases present in this extract may vary from the bulk sample: the fine fraction result is qualitative. 

The air dried slides were further treated in an ethylene glycol atmosphere (60 °C) for several hours, 

then immediately re-examined.  

Step scanned X-ray diffraction patterns were collected for an hour per sample using a 

PANalytical X’Pert Pro powder diffractometer and cobalt Kα radiation operating in Bragg-Brentano 

geometry. The collected data was analysed using JADE (V2010, Materials Data Inc.), EVA (V5, 

Bruker) and X’Pert Highscore Plus (V4, PANalytical) with various reference databases (PDF4+, 
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AMCSD, COD) for phase identification. Rietveld refinement was performed using TOPAS (V6, Bruker). 

The known addition of corundum facilitates reporting of absolute phase abundances for the modelled 

phases. The sum of the absolute abundances is subtracted from 100 wt. % to obtain a residual (called 

non-diffracting/unidentified, also known as “amorphous”). The residual represents the unexplained 

portion of the pattern: it may be non-diffracting content but will also contain unidentified phases and 

the error from poorly modelled phases. It is the least accurate measure as its error is the sum of the 

errors of the modelled phases. The estimated uncertainties in the reported phase abundances are 20 

wt% relative or better for every modelled phase. Due to propagation of errors the uncertainty in the 

amorphous (non-diffracting/unidentified) content is higher at approximately 30 wt. % relative. The 

detection limit and limit of quantification using our method is approximately 1 wt. % or less depending 

on the phase in question and sample matrix. 

Powder X-ray diffraction is bulk phase analysis, it is not bulk chemical analysis. Phase 

abundances may be mis-estimated if an incorrect chemical formula is assigned to a phase. Therefore, 

the closest matches in the reference phase identification databases were used in the Rietveld 

refinement model, but other members of the identified mineral groups may be present.  

 

3.3 Mineral liberation analysis (MLA) 

Automated mineralogy tools such as the mineral liberation analyser (MLA), Quantitative Evaluation of 

Minerals by SCANning electron microscopy (QEMSCAN) and the Tescan TIMA uniquely combine 

back scattered electron (BSE) image analysis, X-ray mineral identification and advanced imaging and 

pattern recognition analysis to produce classified mineralogy outputs (Parbhakar-Fox and 

Lottermoser, 2015). Primary applications of these technologies have been to collect modal mineralogy 

data through point counting methods, and to characterise target mineral phases in terms of their size, 

shape, liberation characteristics and mineral associations. It was in this context that these samples 

were studied with a focus on sulphides and magnetite, as these are most likely Co-bearing phases.  

The selected samples (i.e., a larger sub-set than those used in XRD analyses; n= 15) were 

analysed at the Sustainable Minerals Institute, University of Queensland JKMRC MLA lab. As there 

was a wide range of particle sizes present, MLA samples were prepared using the vertical mounting 

method. For this type of mount the sample is mixed in a mould with graphite and epoxy, cured then 

sectioned and remounted in the standard 30 mm round mould as shown in the image (Figure 14).  

Once the vertical mount has cured the surface is then ground back and polished to give a high quality 

finish prior to carbon coating. The XBSE measurement mode (which uses a combination of 

backscattered electrons and X-rays to identify phases present in the sample) was used to provide 

information of the relative abundance of the minerals in the sample and identify potential hosts of key 

elements.  Due to a wide range of particle sizes, measurements were undertaken using two 

approaches: the first without setting a minimum particle size and setting the maximum particles 

measured to 30,000 (this method can be used for modal mineralogy but did not measure the full 

sample section); the second measurement was done to image to the full particle section and capture 

the coarse particles (for this measurement a minimum particle size was set to exclude fine particulates, 

this measurement should not be used for modal mineralogy). A site specific mineral reference library 

was developed for these samples. 
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Figure 14. Example of MLA mount. 

3.4 Laser ablation ICPMS (LA-ICP-MS) 

Laser ablation analyses were carried out at CODES Analytical Laboratories, University of Tasmania, 

using a RESOlution laser platform, equipped with a Coherent COMPex Pro 193 nm excimer laser and 

Lauren Technic S155 large format sample cell, coupled to an Agilent 7700 quadrupole ICP-MS. The 

laser operating parameters were optimized for sulfide and Fe-oxide analysis using a fluence of 2.7 

J/cm2 and 3.5 J/cm2, respectively, and 5 Hz laser repetition rate. Samples were ablated in an 

atmosphere of pure helium flowing through the sample cell at a rate of ~ 0.4 L/min and immediately 

mixed with ~ 1 L/min argon in the exit funnel before flowing on to the ICP-MS. The ICP-MS instrument 

was optimized balancing sensitivity on mid- to high-masses, production of molecular oxide 

interferences (i.e., 232Th16O+/232Th+) and doubly charged ion interferences (i.e., 140Ce++/140Ce+), 

with both interferences maintained at levels < 0.2%.  

Many element isotopes were measured to capture the trace element contents of the targeted 

minerals and to reveal minerals other than the target that might be ablated during analysis, e.g., as 

mineral inclusions or in minerals adjacent to the target. For each spot analysis, the background signal 

is recorded for 30 seconds, then the laser is turned on and the targeted mineral is ablated while the 

ICP-MS collects data for each element for ~60 seconds. During spot analysis, the material analysed 

is typically dominated by the targeted mineral. Element signals that show no changes, gradual smooth 

changes, or changes consistent with chemical zonation are interpreted to be chemically bound into 

the target mineral structure. However, lasering through evenly distributed ‘invisible’ micro-inclusions 

may also show no or gradual changes in the signal and are therefore indistinguishable from ‘true’ 

chemical substitution into the mineral structure. Both types of occurrences are referred to as refractory. 

Elements that have signals with discrete, sharp changes in the laser signal, and can sometimes reach 

a sufficient level to dilute target major element signals are interpreted as being hosted in mineral 

inclusions or in minerals adjacent to the target.  

To calculate concentrations, the average of the signal over the time interval of interest is 

calibrated against reference standards STDGL3 (an in-house standard sulfide-rich glass for primary 

calibration for quantifying siderophile and chalcophile elements (after Danyushevsky et al., 2011) and 

glass GSD-1G (UGSG). Laser spot sizes used for sulphide and Fe-oxide grains were 19 μm, 51 μm 

was used for STDGL3 and GSD-1G primary standard glasses, and size-matched 19 and 29 μm spots 

were used on BCR-2g and GSD-1G and in-house sulphide secondary standards used for sulphide  

calculations. Data reduction was performed using the LADR software package (Norris Scientific). In 

total, 277 laser ablation spot analyses in pyrite, 14 in pyrrhotite and 239 laser ablation spot analyses 

in magnetite passed quality control and filtering. An evaluation of Au in pyrite was also performed. 
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4. Results 

4.1 Tailings mineralogy 

The bulk mineralogy of 10 samples were examined (Figure 15) with plagioclase (range: 16.5 to 23 wt. 

%; average: 19.6 wt. %) and amorphous material (6.1 wt. % to 23.4 wt. %; average: 14.9 wt. %) 

dominating though a high proportion of clinopyroxene was measured (10.3 wt. % to 16.8 wt. %; 

average: 13.6 wt. %). Pyrite ranged from 1.2 wt. % to 3.1 wt. % (average: 2.2 wt. %) with no other 

reported sulphides. Calcite was measured in all samples and ranged from 0.4 wt. % to 11.8 wt. %.  

Magnetite abundance ranged from 3 to 5.9 wt. % (average: 4.4 wt. %) whilst hematite ranged from 1.3 

wt. % to 10.7 wt. % (average: 4.8 wt. %).  No jarosite or goethite were identified.  

 

Figure 15. Modal mineralogy (measured by XRD) for the ETSF (n=10). 

 The modal mineralogy was also measured by MLA (Figure 16, n=15) and confirmed the 

dominance of plagioclase (range: 22 wt. % to 38 wt. %; average: 28 wt. %), actinolite (range: 13 wt. 

% to 25 wt. %; average: 18 wt. %) and an agglomerate cement phase ranging from 6 wt. % to 16 wt. 

% (average: 11 wt. %). Pyrite concentrations ranged from 1 wt. % to 4 wt. % (average: 3 wt. %) whilst 

pyrrhotite, at this scale, was identified and ranged from 0.5 wt. % to 4 wt. % (average: 2 wt. %). 

Chalcopyrite was identified in all samples (< 0.39 wt. %) with trace bornite, chalcocite and covellite 

and molybdenite. Jarosite was also identified (range: 0.08 wt. % to 1.2 wt. %; average: 0.3 wt. %) but 

not goethite, suggesting these tailings may be in the early-mid stages of mine waste weathering (Table 

3). In all samples, magnetite was in greater abundance than pyrite (Figure 17).  
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Figure 16. Modal mineralogy (measured by MLA) for the ETSF (n=15). 

Table 3. Schematic representation of the progressive oxidation of a unit of mine waste containing a 

mixed assemblage of pyrite (Py) and pyrrhotite (Po). In the earliest stage of reaction, the secondary 

products are formed predominantly from the alteration of pyrrhotite, with native sulphur and 

marcasite derived exclusively from pyrrhotite. In the late stage, after consumption of the sulphides, 

pH will rise and jarosite will be unstable (Jambor, 2003). 

Early (1) Early (2) Maturing Late 

Oxidation of Fe-sulphides Acceleration Slowing Consumed 

Native sulphur (Po) - - - 

Marcasite (Po) - - - 

Fe-oxyhydroxides Fe-oxyhydroxides Goethite Goethite 

Fe-sulphates Fe2+ sulphates→ Fe2+Fe3+  - 

- Jarosite Jarosite Jarosite 

Po + Py Py>Po Py - 
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Figure 17. Abundance of pyrite and Fe-oxide (including magnetite) measured in the selected Selwyn 
tailings samples (n= 15). 

The p80 for pyrite ranged between ~27 µm to 50 µm (Figure 18). On examination of pyrite 

mineral associations (measured by MLA) the majority of pyrite appeared liberated ranging from 36 to 

74 % (Figures 19, 20 and 21; NB. the sample results were split over 3 graphs to improve clarity). 

Where locked, pyrite associated with the agglomerate cement phase, plagioclase and actinolite. For 

pyrrhotite, the p80 showed a greater range than pyrite (~22 µm to 65 µm; Figure 22). Pyrrhotite was 

less liberated than pyrite, with locking ranging from 52 % to 67 %. Mineral associations with the 

agglomerate cement phase, plagioclase and jarosite dominated with comparatively minor associations 

with quartz and pyrite (Figures 23, 24 and 25). The p80 for iron oxide ranged from ~32 µm to 62 µm 

(Figure 26). Iron oxides (magnetite + hematite) were liberated (58 % to 82 %). Where locked, it was 

associated with the agglomerate cement phase, plagioclase, actinolite and pyrrhotite (Figures 27, 28 

and 29).  

 

Figure 18. Pyrite particle size distribution for the ETSF measured by MLA (n=15). 
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Figure 19. Pyrite mineral associations measured by MLA (n=5). 

 

Figure 20. Pyrite mineral associations measured by MLA (n=5). 

 

Figure 21. Pyrite mineral associations measured by MLA (n=5). 
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Figure 22. Pyrrhotite particle size distribution for the ETSF measured by MLA (n=15). 

 

Figure 23. Pyrrhotite mineral associations measured by MLA (n=5). 

 

Figure 24. Pyrrhotite mineral associations measured by MLA (n=5). 
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Figure 25. Pyrrhotite mineral associations measured by MLA (n=5). 

 

Figure 26. Iron oxide (magnetite+ hematite) particle size distribution for the ETSF measured  
by MLA (n=15). 

 

Figure 27. Iron oxide (magnetite+ hematite) mineral associations measured by MLA (n=5). 
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Figure 28. Iron oxide (magnetite+ hematite) mineral associations measured by MLA (n=5). 

 

Figure 29. Iron oxide (magnetite+hematite) mineral associations measured by MLA (n=5). 

 

4.2 Mineral chemistry 

Cobalt in pyrite, pyrrhotite and magnetite (measured by LA-ICP-MS) is shown in Figure 30. Pyrite 

contained the highest Co (range: 1.16 ppm to 23,825 ppm; average: 3,808 ppm) followed by pyrrhotite 

(189 ppm to 3,018 ppm; average: 1,739 ppm) and magnetite (0.02 ppm to 1,272 ppm; average: 33 

ppm). Copper in the sampled minerals is shown in Figure 31. Pyrite contained between 0.1 ppm to 

69,474 ppm (average: 931 ppm), Cu in pyrrhotite ranged from 0.1 ppm to 7,104 ppm (average: 547 

ppm) and in magnetite it ranged from 0.109 ppm to 135,586 ppm (average: 1,002 ppm).  Gold is shown 

in Figure 32. In pyrite, Au ranged from 0.003 ppm to 0.80 ppm (average: 0.03 ppm), in pyrrhotite it 

ranged from 0.003 ppm to 0.22 ppm (average: 0.03 ppm) and in magnetite it ranged from 0.003 ppm 

to 0.1 ppm (average: 0.007 ppm).   

Correlation matrices for Co, Cu, Ni, As, and Au in pyrite, pyrrhotite and magnetite are shown in 

Tables 4, 5 and 6 respectively. In pyrite, poor correlation was observed between Co and all listed 

elements (Table 4). The strongest correlation (whilst still weak) was between Cu and Au (0.26). In 

contrast, correlation between elements in pyrrhotite showed stronger correlations with Cu and Au 

again showing the strongest correlation (0.54; Table 5). For magnetite, the strongest correlation was 

again observed between Au and Cu (0.5; Table 6) with all the rest notably weak.     
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Figure 30. Co tenor (measured by LA-ICP-MS) in select minerals in the ESTF. 

 

Figure 31. Cu tenor (measured by LA-ICP-MS) in select minerals in the ESTF. 

 

Figure 32. Au tenor (measured by LA-ICP-MS) in select minerals in the ESTF. 
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Table 4. Correlation matrix for all analysed pyrite (n= 146). 

Correlation Co_ppm Cu_ppm Ni_ppm As_ppm Au_ppm 

Co_ppm 1 0.03 -0.34 0.079 0.03 

Cu_ppm 0.03 1 0.079 0.079 0.26 

Ni_ppm -0.34 0.19 1 -0.091 0.084 

As_ppm 0.079 0.079 -0.091 1 0.18 

Au_ppm 0.03 0.26 0.084 0.18 1 

Table 5. Correlation matrix for all analysed pyrrhotite (n= 31). 
 

Co_ppm Cu_ppm Ni_ppm As_ppm Au_ppm 

Co_ppm 1 0.06 -0.34 -0.19 0.17 

Cu_ppm 0.06 1 0.032 0.7 0.54 

Ni_ppm -0.34 0.032 1 -0.31 0.026 

As_ppm -0.19 0.7 -0.31 1 0.13 

Au_ppm 0.17 0.54 0.026 0.13 1 

Table 6. Correlation matrix for all analysed magnetite (n= 174). 
 

Co_ppm Cu_ppm Ni_ppm As_ppm Au_ppm 

Co_ppm 1 0.000191 0.44 0.15 -0.012 

Cu_ppm 0.000191 1 -0.017 0.025 0.5 

Ni_ppm 0.44 -0.017 1 0.064 0.0059 

As_ppm 0.15 0.025 0.064 1 -0.003 

Au_ppm -0.012 0.5 0.0059 -0.033 1 

 

To better visualise the relationships between Co with Cu, Ni, Au bivariate plots were constructed 

as shown in Figures 33, 34 and 35. For Co, concentrations were indeed the highest for pyrite followed 

by pyrrhotite and magnetite with Co and Cu appearing to correlate the best in pyrite (Figure 33). As 

some grains appear devoid of Cu, it could suggest these minerals have originated from different sites 

across the Selwyn operations before deposition into the ETSF.  Whilst Ni and Co, as for other sites 

studied in this overall project (Table 1) appear to correlate strongly in the three analysed minerals, the 

correlation matrix indicates that the best correlation is in magnetite for Co against Cu (Figure 34).  

Many analyses reported Au below detection limit with the strongest Co against Au correlation seen for 

pyrrhotite (Figure 35).  

On examination of Co deportment mode in pyrite, it was most observed as refractory (or present 

as micro-inclusions across the lattice of the measured part of the grain; Figure 36). The overall trace 

element chemistry is shown in Figure 37 and shows that Cu, Co, Ni, As and Pb dominate in the 

sampled pyrite grains, with minor Se, Mn and Ag.  

As fewer analyses were performed on pyrrhotite, these observations can only be taken as 

preliminary. Much like with pyrite, Co deportment appears refractory (or present as micro-inclusions 

across the lattice of the measured part of the grain; Figure 38).  The trace element chemistry is more 

diverse (Figure 39) but as with pyrite, Cu dominates followed by Co, Ni and Se with minor U and W.  

For magnetite Co deportment mode is consistent with pyrite and pyrrhotite (Figure 40) however the 

trace element chemistry was notably different with enrichment in Cu, Al, Ti, Mg, and Mn. Uranium is 

also notable in the sampled magnetite (Figure 40).   
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Figure 33. Bivariate plot of Co against Cu (measured by LA-ICP-MS; n= 351). 

 

Figure 34. Bivariate plot of Co against Au (measured by LA-ICP-MS; n= 351). 

 

Figure 35. Bivariate plot of Co against Ni (measured by LA-ICP-MS; n= 351). 
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Figure 36. LA-ICP-MS pattern example for pyrite (Sel-05 Py-9; 7,963 ppm Co, 2,545 ppm Cu, 0.79 
ppm Au).  

 

Figure 37. Summary of the trace element chemistry for the analysed pyrite grains (n= 146). 

 

Figure 38. LA-ICP-MS pattern example for pyrrhotite (Sel-08 Py-2; 1,840 ppm Co, 1,382 ppm Cu, 
BDL ppm Au).  
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Figure 39. Summary of the trace element chemistry for the analysed pyrrhotite grains (n= 31). 

 

 

Figure 40.  LA-ICP-MS pattern for Sel-12 Mt-2 (1,272 ppm Co, 397 ppm Cu).  

 

 

Figure 41. Summary of the trace element chemistry for the analysed magnetite grains (n= 174). 
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Gold deportment was also examined. Based on the assay data Chinova provided for the 

samples used in the Co study, and the LA-ICP-MS analyses on pyrite, pyrrhotite (and magnetite), Au 

concentrations range from 0.003 ppm to 0.79 ppm (Figure 42), and where present, it is likely that Au 

occurs as free Au (i.e., not necessarily as a telluride complex, or electrum) and is refractory (lattice 

bound; Figure 43) or present as micro-inclusions (Figure 44). It was not within the scope of the project 

to undertake bespoke Au searches on the MLA analysed samples, however, where Au concentrations 

are high, these could be re-run in this mode to collect more particle information on these phases to 

assist with developing a metallurgical case for reprocessing these tailings. It is understood testwork to 

recover this by gravity separation has been conducted already.  

 

Figure 42. Comparison of Au in pyrite, pyrrhotite and magnetite in all analysed samples (n= 351). 

 

Figure 43. Gold solubility in the studied minerals (n= 351). 
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Figure 44. LA-ICP-MS pattern for Sel-05 Py-9 (0.8 ppm Au; 7,963 ppm Co, 29,545 ppm).  

5. Summary and recommendations 

The Selwyn deposits comprise of several operations including the Starra-line deposits, Mt Elliot-

SWAN, Mt Dore, and Merlin as well as other mines and former deposits on the Chinova lease (e.g., 

Mt Cobalt).  These deposits all commonly contain pyrite and pyrrhotite as well as a range of other 

copper bearing sulphides (e.g., chalcocite, covellite). Tailings in the ESTF, containing 8.1 Mt of tailings,  

likely originate from several deposits, with the mineralogy (by XRD) dominated by plagioclase, 

clinopyroxene and amorphous phases, with pyrite measured between 1.2 to 3.1 wt. %. MLA revealed 

that pyrite (p80 ~27 to 50 µm) is dominantly liberated, but it is mostly associated with agglomerate 

cement phase, plagioclase and actinolite. Gold is present in both pyrite and pyrrhotite (potentially as 

free gold i.e., not complexed to another phase like electrum). Pyrite is the dominant host of Co. A 

summary of the observations made in this study are presented in Table 7. 

Table 7. Correlation matrix for all analysed magnetite (n= 174). 
 

Bulk mineralogy MLA Assay (avg.) Mineral  
Chemistry (avg.) 

Deportment  
Mode 

Eastern Tailings Plagioclase 
Amorphous phase 

Clinopyroxene 
Quartz 

Illite/mica 
Hematite 
Magnetite 

Plagioclase 
Actinolite 

Agglomerate cement 
Fe oxides (> liberated) 

Pyrite (> liberated) 
Pyrrhotite (>locked) 
Trace chalcopyrite 

236 ppm Co 
2,066 ppm Cu 
0.38 ppm Au 

  

Pyrite 
3,808 ppm Co 
931 ppm Cu 
0.03 ppm Au 

 
Pyrrhotite 

1,739 ppm Co 
547 ppm Cu 
0.03 ppm Au 

 
Magnetite 
33 ppm Co 

1,002 ppm Cu 
0.007 ppm Au 

 

Co- refractory 
Au- refractory 
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Based on this study the following recommendations are made: 

• Magnetite is not significantly Co-bearing andis not particularly abundant in the tailings (especially 

when compared to the Osborne mine tailings). Despite this, if tailings reprocessing is considered, 

some investigation into whether this could be recovered should be undertaken.   

• The Co tenor in pyrite across the TSF is considered high (particularly in comparison to the other 

sites sampled in this study, with the exception of Osborne, Table 1).  As Co is present as a 

refractory element in pyrite, it is recommended that additional mineral chemistry studies are 

performed, such as in-situ chemical mapping. In the ‘outer’ analysed part of these grains, Co is 

high, however, whether this is within the entire lattice or volume of pyrite is not known.  This 

further study should also focus on evaluating the spatial variability of Au in pyrite.   

• Metallurgical recovery of Co from pyrite (pyrrhotite and magnetite are much less endowed so are 

not the primary target) should be tested at bench scale using novel techniques such as 

bioleaching (Parbhakar-Fox et al., 2018) or  other new technologies such as the thermal 

decomposition method developed by Cobalt Blue. It is noted that the studied minerals are 

embedded in a matrix of amorphous or agglomerated material, so experimental work to clean 

these surfaces will  be required. It should also be noted that these materials are fine-grained (p80 

< 45 µm) so technologies that can metallurgically process fine particles efficiently would be 

required. 
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